The role of thermal energy accommodation and atomic recombination probabilities in low pressure oxygen plasmas by Gibson, Andrew Robert et al.
This content has been downloaded from IOPscience. Please scroll down to see the full text.
Download details:
IP Address: 144.32.240.50
This content was downloaded on 11/01/2017 at 10:25
Please note that terms and conditions apply.
The role of thermal energy accommodation and atomic recombination probabilities in low
pressure oxygen plasmas
View the table of contents for this issue, or go to the journal homepage for more
2017 Plasma Phys. Control. Fusion 59 024004
(http://iopscience.iop.org/0741-3335/59/2/024004)
Home Search Collections Journals About Contact us My IOPscience
The role of thermal energy accommodation
and atomic recombination probabilities in
low pressure oxygen plasmas
Andrew Robert Gibson1,2, Mickaël Foucher1, Daniil Marinov1,
Pascal Chabert1, Timo Gans2, Mark J Kushner3 and Jean-Paul Booth1
1 LPP, CNRS, Ecole Polytechnique, UPMC Univ. Paris 06, Univ. Paris-Sud, Observatoire de Paris,
Université Paris-Saclay, Sorbonne Universités, PSL Research University, 91128 Palaiseau, France
2York Plasma Institute, Department of Physics, University of York, Heslington, York, YO10 5DD, UK
3University of Michigan, Department of Electrical Engineering and Computer Science, 1301 Beal Avenue,
Ann Arbor, MI 48109-2122, USA
E-mail: andrew.gibson@lpp.polytechnique.fr and andrew.gibson@york.ac.uk
Received 9 August 2016, revised 24 October 2016
Accepted for publication 24 November 2016
Published 11 January 2017
Abstract
Surface interaction probabilities are critical parameters that determine the behaviour of low
pressure plasmas and so are crucial input parameters for plasma simulations that play a key role
in determining their accuracy. However, these parameters are difﬁcult to estimate without in situ
measurements. In this work, the role of two prominent surface interaction probabilities, the
atomic oxygen recombination coefﬁcient γO and the thermal energy accommodation coefﬁcient
αE in determining the plasma properties of low pressure inductively coupled oxygen plasmas are
investigated using two-dimensional ﬂuid-kinetic simulations. These plasmas are the type used
for semiconductor processing. It was found that αE plays a crucial role in determining the neutral
gas temperature and neutral gas density. Through this dependency, the value of αE also
determines a range of other plasma properties such as the atomic oxygen density, the plasma
potential, the electron temperature, and ion bombardment energy and neutral-to-ion ﬂux ratio at
the wafer holder. The main role of γO is in determining the atomic oxygen density and ﬂux to the
wafer holder along with the neutral-to-ion ﬂux ratio. It was found that the plasma properties are
most sensitive to each coefﬁcient when the value of the coefﬁcient is small causing the losses of
atomic oxygen and thermal energy to be surface interaction limited rather than transport limited.
Keywords: inductively coupled plasmas, industrial plasmas, plasma surface interactions, thermal
energy accommodation
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
Low temperature plasmas produced in low pressure gases are
widely used for industrial applications, prominent examples
include the etching and deposition of nano-scale structures in
the semi-conductor industry [1–3], electric propulsion of
spacecraft [4, 5] and as potential negative ion sources for
neutral beam heating of fusion plasmas [6, 7]. For such
applications plasma simulations are often used to aid in
reactor and process design and to better understand funda-
mental processes [6, 8–15]. These simulations require a wide
range of fundamental input data such as electron impact cross
sections, heavy particle rate coefﬁcients and surface interac-
tion probabilities [16]. The accuracy of any plasma simulation
is inherently linked to any uncertainty in these fundamental
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input data [17]. Previous investigations have studied the
sensitivity of plasma simulations to the uncertainty in gas
phase reaction cross sections and rate coefﬁcients [17] and the
consequences of including or neglecting various collisional
processes [18, 19]. Such investigations yield valuable infor-
mation to assess how the accuracy of plasma simulations may
be improved and the number of reactions can be minimised in
order to simplify chemical reaction mechanisms.
There have also been a number of experimental and
computational studies that have discussed the role of surface
recombination probabilities for atomic neutral species [20–
23] and surface quenching probabilities for excited neutrals
[24–26] in deﬁning the plasma dynamics. In this context
surface recombination refers to, for example, an oxygen atom
recombining with another oxygen atom on a surface, and
returning to the plasma as an oxygen molecule. It has been
shown that changes in the value of these coefﬁcients can lead
to large variations in not only the reactive neutral species
densities, to which they are directly linked, but also to the
densities of negative ions and the overall electron heating
dynamics. As a result the predictive capability of plasma
simulations where reactive atomic and radical species or
excited neutrals are present is strongly affected by the acc-
uracy of these surface interaction probabilities. The situation
is complicated further by the fact that these parameters are
prone to vary with speciﬁc plasma conditions and reliable
predictive formulae for them do not yet exist.
Experimental investigations have been carried out to
measure surface recombination probabilities for various
atomic or excited species under different plasma and surface
conditions [20, 27–30]. However, the often complex depen-
dencies of these probabilities on both the plasma and surface
condition means that deriving a general scaling law that is
applicable to any atom/molecule in contact with any surface
exposed to any type of plasma is, at best, challenging. As a
result these probabilities still represent a major uncertainty in
plasma modelling and thus constrain the parameter space over
which plasma simulations can be expected to yield accurate
results.
Another surface interaction probability that has been less
studied in the context of non-equilibrium plasmas is the
thermal energy accommodation coefﬁcient, often denoted as
αE. This coefﬁcient represents the fraction of atoms or
molecules which attain thermal equilibrium with a surface
after a collision with it and is often deﬁned in the form [31]:
a = --
T T
T T
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i r
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( )
where Ti and Tr are the temperatures of particles incident on
the surface and reﬂected from the surface respectively. Ts
represents the surface temperature, or equivalently the temp-
erature of particles reﬂected from the surface that attain
thermal equilibrium with the surface.
The value of the thermal energy accommodation coefﬁ-
cient has been determined for a range of gas-surface combi-
nations experimentally or through numerical simulations [32–
41]. Many of these investigations have focused on noble
gases or air interacting with metallic surfaces [32, 34, 35, 38].
However, fewer studies have dealt with reactive gases, or
interactions with non-metallic surfaces. This is signiﬁcant for
the application of these coefﬁcients in plasma modelling as
reactive gases are used in the majority of industrial applica-
tions and non-metallic surfaces such as inert metal-oxides
commonly make up a large part of the overall surface in
contact with the plasma.
Given that the value of αE determines the rate at which
gas phase atoms or molecules exchange energy with surfaces
it will play an important role in determining the neutral gas
temperature in non-thermal plasma sources and have a sig-
niﬁcant inﬂuence on the dynamics of the plasma as a whole.
Several physical phenomena in non-thermal plasmas may
result in variations of the value of αE from those measured or
calculated for ‘clean’ surfaces, or cause variations from pro-
cess to process in the same reactor. For example, it has been
proposed, based on the results of molecular dynamics simu-
lations, that the value of αE depends on the presence of
adsorbed atoms or molecules on surfaces [38]. In non-thermal
plasmas the coverage of surfaces by adsorbed atoms or
molecules is known to be affected by several plasma para-
meters such as the ﬂux of atomic neutral species, ion bom-
bardment and surface temperature [42–44]. All of these
parameters are susceptible to change from process to process
in a given plasma reactor either intentionally as a mechanism
to improve process outcomes, or unintentionally due to pro-
cess drifts [12]. As such, it is reasonable to expect some
change in the value of αE under varying plasma conditions,
however, it is difﬁcult to quantify how signiﬁcant this change
may be.
Given the uncertainty in the values of thermal accom-
modation and atomic species recombination coefﬁcients it is
necessary to understand, quantitatively, how the variation of
these parameters affects the properties of a given plasma.
While much is known in a qualitative sense about how these
coefﬁcients affect gas temperatures and atomic species den-
sities, it is important to consider the ranges over which these
parameters have the most signiﬁcant effect on the overall
plasma properties, in particular those quantities relevant for
industrial applications. Quantities of speciﬁc relevance in this
regard are reactive neutral and ion ﬂuxes to surfaces and the
ratio of the two quantities [45]. In addition, the ion bom-
bardment energy at the substrate is known to be an important
factor in many industrial plasma processes [13, 45, 46]. In this
context a variety of different schemes exist to control these
quantities in low pressure plasmas, such as substrate biasing
[47–50] and voltage waveform tailoring [11, 26, 47, 49, 51–
56]. However, the known importance of recombination and
accommodation coefﬁcients in determining atomic species
densities and gas temperatures suggests that they have the
potential to inﬂuence all of these properties of a given plasma
which may affect the range over which they can be controlled
in industrial applications.
This study seeks to quantify the inﬂuence of varying the
atomic oxygen recombination coefﬁcient γO and thermal
energy accommodation coefﬁcient αE on the plasma proper-
ties in a low pressure inductively coupled oxygen plasma
through two-dimensional numerical simulations inclusive of
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charged and neutral particle dynamics. It has been found that
the thermal energy accommodation coefﬁcient has a strong
inﬂuence on the plasma properties through its role in deter-
mining the neutral gas temperature and consequently the
neutral gas density. The role of the atomic oxygen recombi-
nation coefﬁcient is primarily in determining the atomic
oxygen density and its ﬂux at the wafer holder as well as the
reactive neutral-to-ion ﬂux ratio to the wafer holder. The
greatest sensitivity of the plasma to αE and γO occurs at low
values of each coefﬁcient when the losses of atomic oxygen
and thermal energy are limited by the surface interaction
probability as opposed to the rate of diffusion to surfaces. The
numerical simulations used to carry out this investigation are
described in section 2. The results of this investigation are
discussed in detail in section 3 and our conclusions are pre-
sented in section 4.
2. Description of the model
In this work a two-dimensional, modular, ﬂuid-kinetic
simulation code, the hybrid plasma equipment model
(HPEM) has been used to model a planar inductively coupled
plasma reactor. The geometry of the simulation domain is
shown in ﬁgure 1 and is based on the experimental reactor
presented in [57, 58]. The simulation domain consists of a
cylindrically symmetric chamber 27.5 cm in radius with a gap
of 10 cm between the wafer holder and the alumina window
separating the gas from a 4-turn inductive coil which is used
to drive the plasma. The HPEM code has previously been
described in detail elsewhere [9] so only a brief overview of
the relevant details is given here. The modular structure of the
HPEM allows for the relevant physics of a given system to be
addressed in different ways using various modules. In this
work the modules used are the ﬂuid kinetics Poisson module
(FKPM), the electron Monte Carlo simulation (eMCS), the
electromagnetics module (EMM) and the plasma chemistry
Monte Carlo module (PCMCM).
The FKPM forms the basis of the simulation and solves
the continuity, momentum and energy equations for all heavy
particle species separately in combination with Poisson’s
equation for the electric potential. Electron momentum is
solved for using the drift-diffusion approximation. The
accommodation coefﬁcient αE and the value of γO are
assumed the same for all surfaces. The EMM solves for the
electric and magnetic ﬁelds associated with the current in the
inductive coil which is adjusted to deliver the speciﬁed input
power. The eMCS simulates the interaction of electron
pseudo-particles with electric ﬁelds obtained from the EMM
and FKPM using a Monte Carlo algorithm which is described
in detail in [59]. This algorithm yields the electron energy
distribution function (EEDF) at all points in the simulation
domain along with the corresponding electron impact rate
coefﬁcients and electron transport properties which are used
as input for the FKPM in the following iteration.
After the simulation has reached convergence the
PCMCM is used to simulate ion and neutral energy dis-
tribution functions to the wafer holder, which is marked in the
simulation geometry shown in ﬁgure 1. The PCMCM laun-
ches ion and neutral pseudo-particles from locations in the
plasma weighted by their source functions obtained from the
FKPM and integrates the trajectories of these pseudo-particles
through the time and space dependent electric ﬁelds obtained
from the FKPM. All particles reaching the wafer holder are
recorded and as such the IEDFs and ion/neutral ﬂuxes pre-
sented in section 3 are averages over the entire surface of the
wafer holder.
The thermal energy accommodation coefﬁcient αE is
used to deﬁne a ‘jump’ in the temperature of a given species
in the computational cell adjacent to the reactor wall. Fol-
lowing Lofthouse et al [60] the temperature gradient adjacent
to a surface is given by:
⎡
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where Tg is the temperature of the species, γ is the ratio of
speciﬁc heats (i.e speciﬁc heat at constant pressure and spe-
ciﬁc heat at constant volume), Pr is the Prandtl number and λ
is the collisional mean free path for momentum transfer.
Requiring that the heat ﬂux from the plasma to the wall is
constant this condition is implemented by deﬁning an effec-
tive thermal conductivity in the computational cell adjacent to
the wall such that:
k k= + D D1 3s xeff ( )
where κ is the unmodiﬁed thermal conductivity and Δx is the
computational mesh spacing.
The reaction scheme used in the simulation includes
electrons, ground state molecular oxygen (O2(X S-g3 )), mole-
cular oxygen metastables (O2(a Dg1 ) and O2(b S+g1 )) ground
state atomic oxygen (O(3P)), atomic oxygen metastables (O
(1D)), molecular oxygen positive ions (O+2 ), atomic oxygen
positive ions (O+) and atomic oxygen negative ions (O−).
The full list of reactions is given in table 1. This reaction
scheme has been designed to incorporate the dominant reac-
tions between the main charged and neutral species expected
to be present under the conditions studied, based on previous
Figure 1. Schematic of the simulation geometry.
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Table 1. Reaction mechanism.
No. Reaction Rate coefﬁcienta,b Reference
R1 e+O2(X S-g3 )e+O2(X S-g3 ) f(ò) [64, 65]
R2 e+O2(a
1Δg)e+O2(a1Δg) f(ò) [66]
R3 e+O2(b S+g1 )e+O2(b S+g1 ) f(ò) [66]
R4 e+O(3P)e+O(3P) f(ò) [67]
R5 e+O(1D)e+O(1D) f(ò) c
R6 e+O2(X S-g3 )e+O2(a1Δg) f(ò) [64, 65]
R7 e+O2(X S-g3 )e+O2(b S+g1 ) f(ò) [64, 65]
R8 e+O2(a
1Δg)e+O2(b S+g1 ) f(ò) [68]
R9 e+O2(b S+g1 )O2(a1Δg) + e f(ò) d
R10 e+O2(a
1Δg)O2(X S-g3 ) + e f(ò) d
R11 e+O2(b S+g1 )O2(X S-g3 ) + e f(ò) d
R12 e+O2(X S-g3 ) +O2 + e+e f(ò) [64, 65]
R13 e+O2(a
1Δg) +O2 + e+e f(ò) e
R14 e+O2(b S+g1 ) +O2 + e+e f(ò) e
R15 e+O2(X S-g3 )O(3P) + O− f(ò) [64, 65]
R16 e+O2(a
1Δg)O(3P) + O− f(ò) [69]
R17 e+O2(b S+g1 )O(3P) + O− f(ò) f
R18 e+O2(X S-g3 )O(3P) +O(3P) + e f(ò) [64, 65]
R19 e+O2(a
1Δg)O(3P) + O(3P) + e f(ò) e
R20 e+O2(b S+g1 )O(3P) + O(3P) + e f(ò) e
R21 e+O2(X S-g3 )O(3P) +O(1D) + e f(ò) [64, 65]
R22 e+O2(a
1Δg)O(3P) + O(1D) + e f(ò) e
R23 e+O2(b S+g1 )O(3P) + O(1D) + e f(ò) e
R24 e+O(3P)e+O(1D) f(ò) [70]
R25 e+O(1D)e+O(3P) f(ò) d
R26 e+O(3P)O+ + e+e f(ò) [70]
R27 e+O(1D)O+ + e+e f(ò) e
R28 e + -O O(3P) + e+e f(ò) [71]
R29 e + +O2 O(3P) + O(3P) 3.72×10−9T-e 0.7 [72, 73]
R30 e + +O2 O(3P) + O(1D) 7.44×10−9T-e 0.7 [72, 73]
R31 e + +O2 O(1D) + O(1D) 7.44×10−9T-e 0.7 [72, 73]
R32 +O2 + -O O2(X S-g3 ) + O(3P) 2.60×10−8T-0 0.44 [74]
R33 +O2 + -O O(3P) + O(3P) + O(3P) 2.60×10−8T-0 0.44 [74]
R34 O+ + -O O(3P)+ O(3P) 4.00×10−8T-0 0.43 [74]
R35 O(3P) + -O O2(X S-g3 ) + e 1.50×10−10T-0 1.30 [75]
R36 O2(a
1Δg) + -O O2(X S-g3 ) + O(3P) + e 1.10×10−10 [76], g)
R37 O2(b S+g1 ) + -O O2(X S-g3 ) + O(3P) + e 6.90×10−10 [77]
R38 O+ + O2(X S-g3 ) +O2 + O(3P) 2.30×10−11 [78]
R39 O+ + O2(a
1Δg) +O2 + O(3P) 1.00×10−11 [78]
R40 O+ + O2(b S+g1 ) +O2 + O(3P) 1.00×10−11 h
R41 +O2 + O2(X S-g3 ) O2(X S-g3 ) + +O2 4.00×10−10 [79]
R42 +O2 + O2(a
1Δg) O2(X S-g3 ) + +O2 2.00×10−10 i
R43 +O2 + O2(b S+g1 ) O2(X S-g3 ) + +O2 2.00×10−10 i
R44 O(3P) + O(1D)O(3P)+ O(3P) 8.00×10−12 [80]
R45 O2(X S-g3 ) + O(1D)O2(X S-g3 ) + O(3P) 0.32×10−11exp(67/Tg) [81–83]
R46 O2(X S-g3 ) + O(1D)O2(a1Δg) + O(3P) 0.32×10−11exp(67/Tg) [81–83]
R47 O2(X S-g3 ) + O(1D)O2(b S+g1 ) + O(3P) 2.56×10−11exp(67/Tg) [81–83]
R48 O2(a
1Δg) + O(
3P)O2(X S-g3 ) + O(3P) 2.00×10−16 [84, 85]
R49 O2(a
1Δg) + O2(X S-g3 )O2(X S-g3 )+ O2(X S-g3 ) 3.60×10−18exp(−220/Tg) [85]
R50 O2(a
1Δg) + O2(a
1Δg)O2(X S-g3 ) + O2(b S+g1 ) 1.81×10−18T03.8exp(700/Tg) [86]
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works incorporating larger reaction schemes [19, 61]. The
exothermicity of each reaction for use in the gas temperature
calculation is calculated based on the enthalpy of formation of
each species and for electron impact dissociation from the
measurements of Cosby [62]. The metastable molecules
O2(a Dg1 ) and O2(b S+g1 ) are assumed to be quenched at sur-
faces with probabilities of 5×10−5 and 2×10−2 respec-
tively. These coefﬁcients are generally poorly known and as
such the values used here represent estimates in the same
range as those used in previous works [24–26, 61, 63].
In order to gain insight into how the change of atomic
oxygen recombination γO and thermal energy accommodation
coefﬁcients αE affect the discharge dynamics the values of the
two coefﬁcients are varied over ranges which may be
expected for the conditions investigated. Here, the same value
of γO has been applied at the surface for both O(
3P) and
O(1D). Due to a lack of experimental data, and in order to
simplify analysis of the results presented, no quenching of
O(1D) at the surface causing it to return as O(3P) is con-
sidered. Values of γO reported in the literature range from ≈
0.01 [28] to ≈ 0.5 [29] depending on the surface material, in
the pressure range considered here. Thus, the value of γO has
been varied over this range in order to cover the maximum
variation of the plasma parameters resulting from differences
in its value for different wall materials, or variations from
process to process where the wall material is susceptible to
change through deposition or etching.
As discussed previously, relatively few studies have been
devoted to the measurement of αE in low temperature plas-
mas. Given that αE is known to depend on a range of different
properties of both the gas and the surface, it is difﬁcult to
predict in advance which values should be used for any given
system. In this context, αE is varied over a wide range from
0.1 to 0.95. It should be noted that this range is not neces-
sarily claimed to be realistic for an oxygen plasma. It is
chosen here to emphasise the maximum range of variation of
the other plasma parameters possible under variation of αE in
order to assess its importance. However, it is expected that,
depending on the plasma-surface combination in question,
there exist plasma processes where the effective value of αE
may lie at almost any point in the range considered here.
3. Results and discussion
Figure 2 gives examples of the spatial proﬁles of (a) the
ground state atomic oxygen density and (b) the average gas
Table 1. (Continued.)
No. Reaction Rate coefﬁcienta,b Reference
R51 O2(b S+g1 ) + O(3P)O2(X S-g3 ) + O(3P) 8.00×10−14 [85]
R52 O2(b S+g1 ) + O2(X S-g3 )O2(a Dg1 ) + O2(X S-g3 ) 3.90×10−17 [85]
a
Units: Rate coefﬁcients in cm3/s; T0=Tg/300; Tg has units K, Te has units eV.
b f(ò) indicates that the rate coefﬁcients are obtained from the EEDF calculated via the eMCS. Electron-impact excitation of
O2 into rotationally, vibrationally and electronically excited states and of O(
3P) into electronically excited states, according
to the cross sections given in [64, 65, 70] is accounted for in the eMCS to properly simulate electron energy losses.
c Assumed to be the same as for O(3P).
d Superelastic cross section obtained by detailed balance from the corresponding excitation process.
e Cross section estimated by shifting and scaling the corresponding cross section for the ground state by the excitation
threshold of the metastable.
f Cross section estimated by shifting and scaling the corresponding cross section for O2(a
1Δg).
g In reality this reaction proceeds through the production of O3, which is neglected in this model for simplicity.
h Assumed the same as for O2(a Dg1 ) state.
i Lower rate assumed for collisions of +O2 with metastable molecules based on observations of [78] for the case of O
+.
Figure 2. Two dimensional proﬁles of (a) the ground state atomic
oxygen density, and (b) the average gas temperature (p = 10 mTorr,
P = 500 W, αE=0.5, γO=0.05).
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temperature as a function of radial and axial dimensions. The
average gas temperature is deﬁned as a mole fraction
weighted sum of the temperatures of the individual neutral
species in the plasma. The parameters used here represent the
base case where the pressure p = 10 mTorr, and the power
P = 500W. The gas ﬂow rate is set at 20 sccm which leads to
an average gas residence time of around 1 s. The temperature
of all surfaces in contact with the plasma is held constant at
325 K. Here, the accommodation coefﬁcient αE=0.5 and the
atomic oxygen recombination coefﬁcient γO=0.05. Under
these conditions the dominant power deposition process is
through electron heating directly below the coil. This heating
allows for electrons to gain sufﬁcient energy to dissociate
molecular oxygen, via reactions R18–R23 in table 1, produ-
cing two oxygen atoms with a total of 0.5–3 eV of thermal
energy depending upon the particular dissociation pathway
[62]. This thermal energy is produced through a Franck–
Condon process where electron impact produces a dis-
sociative excited state with excess potential energy being
dissipated into the translational modes of the fragments. The
rate of this process is maximum just under the coil at a radial
location of around 9 cm from the centre of the reactor.
However, the mean free path of oxygen atoms under the low
pressure conditions considered here is sufﬁciently long that
these atoms easily diffuse from their point of creation,
resulting in a relatively ﬂat atomic oxygen density proﬁle as a
function of both radial and axial dimensions. Similarly, the
dominant process transferring electron energy into gas heat-
ing is through the dissociation process which produces atomic
oxygen with excess thermal energy. Overall, the gas temp-
erature takes on a proﬁle typical of conditions where thermal
diffusion to the walls is the dominant energy loss process.
The density of atomic oxygen increases towards the walls
of the reactor under these conditions because the thermal
energy accommodation coefﬁcient αE is much larger than
atomic oxygen recombination coefﬁcient γO. As a result, the
gas temperature decreases towards the walls, which act as
sinks for thermal energy. Losses of atomic oxygen at the
walls are proportionally lower as γO is small. The result is that
the atomic oxygen density proﬁle does not decrease towards
the walls and instead follows approximately the total neutral
gas density which increases near the walls due to the decrease
in gas temperature. This is facilitated by the essentially con-
stant value of the gas pressure, which varies by only a few
percent over the whole reactor. In general, the radial and axial
proﬁles of many plasma parameters change as γO and αE are
varied. However, for the low pressures considered here these
changes in spatial proﬁle are usually small. For example, the
relative variation in the value of each plasma parameter at the
centre of the reactor with the two surface coefﬁcients is
similar to the change in their volume-averaged values. As a
result, in the remainder of this article we discuss the values of
each parameter at the centre of the reactor and species ﬂuxes
to the centre of the wafer holder to illustrate major trends as a
function of both surface coefﬁcients.
The ground state atomic oxygen density and gas temp-
erature at the radial and axial centre of the reactor are shown
as a function of the atomic oxygen recombination coefﬁcient
γO for αE=0.5 in ﬁgure 3(a). The atomic oxygen density
decreases from 8.3×1013 cm−3 for γO=0.01 to around
5.9×1012 cm−3 when γO=0.5. The gas temperature
remains comparatively constant over the same range,
increasing from 860 K to 990 K. The decrease of the atomic
oxygen density with increasing γO is a result of the increasing
conversion of atomic oxygen to molecular oxygen at the
surface as γO increases.
Under the low pressure conditions considered here,
where the mean free path between gas phase collisions is
long, the diffusion of oxygen atoms to the reactor walls is
rapid and as a result wall losses are the dominant destruction
pathway of atomic oxygen since the rate of gas-phase reac-
tions is low. As such, even relatively small changes in γO can
lead to signiﬁcant changes in the atomic oxygen density as
shown here. This is particularly true at low values of γO
where the density of atomic oxygen changes rapidly with
varying γO. As γO is increased the loss of atomic oxygen to
the walls transitions from being limited by the rate of surface
recombination at the walls at low γO to being limited by the
rate of diffusion towards the walls at high γO. This trend is
approximately in accordance with the formula developed by
Chantry [87] for the surface loss rate of active species in low
Figure 3.Ground state atomic oxygen density and gas temperature at
the radial and axial centre of the simulation as a function of (a) γO
for αE=0.5 and (b) αE for γO=0.05 (p = 10 mTorr, P = 500 W).
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pressure gases and the conclusions of other previous work
[29] which suggest that atomic species densities scale with 1/
γO under low pressure conditions.
The small increase in the gas temperature with increasing
γO is a result of the increasing density of molecular oxygen,
both in the ground and metastable states, as the contribution
of atomic oxygen to the overall gas density decreases. This
results in a higher rate of dissociation per unit volume and
thus greater thermal energy deposition through the production
of oxygen atoms with high translation energies by the Franck
Condon effect, as discussed earlier.
The ground state atomic oxygen density and gas temp-
erature at the radial and axial centre of the simulation as a
function of the thermal energy accommodation coefﬁcient αE
for γO=0.05 are shown in ﬁgure 3(b). The atomic oxygen
density is also dependent on the value of αE, increasing from
1.5×1013 cm−3 to around 5.1×1013 cm−3 as αE is
increased from 0.1 to 0.95. Under this range the degree of
dissociation (i.e. the density of atomic oxygen divided by the
total gas density) decreases slightly as αE is increased from
0.1 to 0.3 and remains approximately constant for the
remainder of the range. The initial decrease in dissociation
degree with increasing αE is a result of the decreasing electron
temperature as shown in ﬁgure 4(b). This leads to a decreased
rate coefﬁcient for electron impact dissociation of molecular
oxygen, thus decreasing the relative density of atomic oxy-
gen. Overall, despite the decrease in dissociation degree with
increasing αE between 0.1 and 0.3, the atomic oxygen density
increases with αE as a result of higher total gas densities due
to the lower gas temperatures.
As expected, the gas temperature is more signiﬁcantly
affected by changes in the thermal energy accommodation
coefﬁcient αE than changes in γO, scaling approximately as
1/αE from 745 K at αE=0.95 to 3065 K at αE=0.1. This
relationship is similar to that derived by Chantry [87] for the
scaling of active species loss rates with their surface loss
coefﬁcients and reﬂects the fact that the dominant loss of
thermal energy from the neutral species in the plasma is via
interactions with the wall. As the value of αE decreases the
loss of thermal energy from the neutral species transitions
from a diffusion limited regime to a surface interaction lim-
ited regime. This dependence is analogous to the dependence
of the atomic oxygen density on γO.
The change in the overall gas density with varying αE has
consequences for other plasma parameters such as the plasma
potential and electron temperature at the radial and axial
centre of the simulation, as shown in ﬁgure 4(b). Both
quantities decrease in a similar manner to the gas temperature
with increasing αE. The mechanism behind these trends is an
increase in the electron collision frequency caused by
increasing gas density at higher values of αE. Higher electron
collision frequencies lead to decreased electron losses to the
walls via diffusion. This in turn means that the required
positive ion losses to the walls, and consequently the ioniz-
ation rate, are also decreased. As a result, the electron
temperature decreases in order to fulﬁl the requirement for a
lower ionization rate. This in turn leads to a decrease in the
plasma potential which is typically proportional to the elec-
tron temperature. The same trends are produced by global
models where the gas temperature is ﬁxed as a constant and
the gas pressure is increased, which causes a similar change in
the overall gas density as considered here.
The values of the plasma potential and the electron
temperature are affected to a smaller degree by the value of
the atomic oxygen recombination coefﬁcient γO for constant
αE, shown in ﬁgure 4(a). The slight decrease in plasma
potential and electron temperature with increasing γO is due
to a small increase in the electron collision frequency with
increasing γO as the atomic oxygen density decreases and
molecular oxygen becomes the dominant component of the
neutral gas. This is a result of the higher total electron impact
cross section for molecular oxygen, in the ground or meta-
stable states, than that of atomic oxygen due to the opportu-
nity to excite vibrational and rotational modes.
The densities of charged species at the radial and axial
centre of the reactor as a function of γO and αE are shown in
ﬁgures 5(a) and (b) respectively. As γO increases the electron
density decreases slightly, while the O− density increases. As
a result, the electronegativity (i.e. the density of negative ions
Figure 4. Plasma potential and electron temperature temperature at
the radial and axial centre of the simulation as a function of (a) γO
for αE=0.5 and (b) αE for γO=0.05 (p = 10 mTorr, P = 500 W).
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divided by that of electrons) increases from ≈ 0.4 to ≈ 1.
Since the power deposition is constant the electron density is
determined by the rate of power loss of individual electrons in
atomic and molecular collisions, which in turn is determined
by the electron temperature, Te. Te then depends on the mole
fractions of the dominant collision partners, as discussed
earlier. Under the conditions investigated in this work the
dominant formation pathways for negative ions are through
electron attachment to O2(X S-g3 ), O2(a1Δg) and O2(b S+g1 )
(R15–R17). These processes occur at similar rates, with
electron attachment to O2(b S+g1 ) being the dominant forma-
tion pathway. As γO increases the degree of dissociation
decreases and the densities of O2(X S-g3 ), O2(a1Δg) and
O2(b S+g1 ) increase. This results in increased negative ion
formation through electron attachment which also acts as a
loss channel for electrons. However, the total electron density
will be sustained by requiring a constant power deposition.
By contrast, the total loss rate of negative ions remains
comparatively constant with increasing γO. Under these
conditions, detachment of electrons from O− by collisions
with O2(a
1Δg), O2(b S+g1 ) and O(3P) (R35–R37) have a higher
total contribution to the loss of O− than recombination with
positive ions (R32–R34) over the entire range of γO. How-
ever, the contribution of recombination reactions to the total
loss of O− increases with increasing γO so that recombination
reactions account for ≈ 40% of total the total O− losses when
γO=0.5. As γO increases the dominant detachment process
shifts from collisions with O(3P) to collisions with O2(b S+g1 ).
The role of O2(b S+g1 ) in the detachment of negative ions in
low pressure oxygen ICPs is consistent with the conclusions
of previous work by Toneli et al [61]. The increasing
importance of detachment collisions with O2(b S+g1 ) at higher
values of γO stems from the decreasing dissociation fraction
while the gas density remains nearly constant, which means
that the density of molecular oxygen in the ground and
metastable states increases. Overall, the decrease in detach-
ment collisions with O(3P) as γO is increased is compensated
by the increase in detachment collisions with O2(b S+g1 ),
which results in the total loss rate of O− remaining relatively
constant. The increase in the density of O− with increasing γO
is therefore determined by the increase in the electron
attachment processes, in particular that involving O2(b S+g1 ).
The variation of the densities of +O2 and O
+ with
increasing γO is consistent with the decrease in the density of
atomic oxygen, which provides the dominant source of O+,
and the increase in the density of molecular oxygen, which
provides the dominant source of +O2 The total positive ion
density remains approximately constant with increasing γO.
As the thermal energy accommodation coefﬁcient αE
increases from 0.1 to 0.2 the electron density decreases. With
a constant power deposition, the electron density is deter-
mined by the volume integral of neRE(Te)N, where RE is the
rate coefﬁcient for electron power loss and N is the gas
density. With the increase in gas density and moderate change
in RE(Te), the electron density decreases. Over the same range
of αE the density of O
− increases as a result of the increased
electron attachment rate as the density of molecular oxygen,
in both the ground and metastable states, increases. As αE
increases above 0.2 the electron collision frequency continues
to increase causing electrons to be more effectively conﬁned
to the centre of the reactor which results in an increase in the
central electron density.
Conversely, for αE0.2 the density of O− remains
approximately constant as the rate of electron attachment to
oxygen molecules increases at a similar rate to the rate of
electron detachment from O− with increasing gas density.
The density of +O2 ions at the centre of the reactor increases
with αE due to the increasing ion-neutral collision frequency
as the gas density is increased. This results in enhanced
conﬁnement of ions at the centre of the reactor. The density of
O+ ions at αE0.2 increases slowly with increasing αE,
behaving similarly to +O2 over the same range. However, from
αE=0.1 to αE=0.2 the density of O
+ ions decreases due to
a decrease in the dissociation degree, and a decrease in the
ionization rate coefﬁcient of atomic oxygen which occurs due
to the decreasing electron temperature. The ionization rate of
atomic oxygen, producing O+, is more sensitive to changes in
electron temperature than the ionization rate of molecular
oxygen, producing +O2 , as a result of the higher electron
impact ionization threshold for atomic oxygen. This means
Figure 5. Charged particle densities at the radial and axial centre of
the simulation as a function of (a) γO for αE=0.5 and (b) αE for
γO=0.05 (p = 10 mTorr, P = 500 W).
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that the density of O+ is more signiﬁcantly affected by the
change in electron temperature over this parameter range.
For surface processing applications the most relevant
plasma parameters are species ﬂuxes to surfaces where wafers
are placed and treated, rather than plasma bulk properties in
themselves. Figure 6 shows the ion energy distribution func-
tions (IEDFs) for +O2 and +O , as calculated by the PCMCM,
for several combinations of αE and γO. Figure 6(a) shows the
IEDFs for γO=0.01 and 0.5 (αE=0.5). The IEDFs shown
are integrated over all angles of ion impact. At γO=0.01 the
IEDFs of +O2 and O
+ are similar in both the total ﬂux and
average energy with the peak in ion ﬂux occurring at an energy
approximately equal to the plasma potential. As γO is increased
to 0.5 the total ion ﬂux remains approximately the same,
however, the ﬂux of +O2 becomes greater than that of O
+. This
is a result of lower atomic oxygen densities in the gas phase
leading to decreased production of O+, whose dominant for-
mation pathway is through direct electron impact ionization of
atomic oxygen. The small decrease in the energy at the peak in
ion ﬂux is as a result of the decrease in plasma potential with
increasing γO shown in ﬁgure 4(a).
Figure 6(b) shows the IEDFs for αE=0.1 and 0.9
(γO=0.05). The IEDFs for αE=0.1 exhibit a peak in ion
ﬂux at higher energy than those for αE=0.9. This is a result
of the higher plasma potential at lower αE, as shown in
ﬁgure 4(b). The IEDFs at αE=0.1 also exhibit a smaller
spread in ion energies. The reason for this is that ions
experience fewer collisions with neutral species on transit to
the surface due to the lower neutral gas density at low values
of αE. In addition, the relative contribution of O
+ to the total
ion ﬂux decreases as αE is increased. This is a result of the
lower dissociation degree and electron impact ionization rate
for atomic oxygen at higher values of αE discussed pre-
viously, leading to decreased O+ production and thus lower
ﬂuxes of O+.
The total ﬂuxes of +O2 , O
+ and ground state atomic
oxygen at the wafer holder as a function of γO for
αE=0.5 are shown in ﬁgure 6(a). Here, the ﬂuxes of +O2 and
O+ are almost equal for γO=0.01 but diverge as γO is
increased with the ﬂux of +O2 increasing and the ﬂux of O
+
decreasing. The trend in the neutral atomic oxygen ﬂux to the
wafer holder is similar to that for O+ with increasing γO.
These trends are consistent with the variation in the gas
phase atomic oxygen density with increasing γO discussed
earlier.
Figure 6. Ion energy distribution functions for +O2 and O
+ at the
wafer holder for (a) γO=0.01 and 0.5 (αE=0.5) and (b) αE=0.1
and 0.9 (γO=0.05) (p = 10 mTorr, P = 500 W).
Figure 7. Positive ion and atomic oxygen ﬂuxes to the wafer holder
as a function of (a) γO for αE=0.5 and (b) αE for γO=0.05
(p = 10 mTorr, P = 500 W).
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The total ﬂuxes of +O2 , O
+ and ground state atomic
oxygen at the wafer holder as a function of αE for
γO=0.05 are shown in ﬁgure 7(b). As αE increases from 0.1
to 0.3 the ﬂuxes of both ions to the wafer holder decrease and
remain approximately constant with increasing αE thereafter.
The more signiﬁcant decrease in the ﬂux of O+ compared to
that of +O2 is as a result of the decrease in the rate coefﬁcients
for electron impact dissociation and ionization with decreas-
ing electron temperature as αE increases leading to a lower
degree of dissociation and O+ density. The ﬂux of +O2 to the
wafer holder does not correlate directly with the density of +O2
at the reactor centre, shown in ﬁgure 5(b). This is a result of
the changing shape of the +O2 density proﬁle as the ion-neutral
collision frequency increases with increasing αE, meaning
that the relationship between the ion density at the centre of
the reactor and the ion ﬂux to the wall changes as a function
of αE. The atomic oxygen ﬂux to the wafer holder increases
with increasing αE consistent with the higher atomic oxygen
densities at the reactor centre at larger values of αE due to the
higher total gas density.
The reactive neutral-to-ion ﬂux ratio at the wafer holder
as a function of γO for αE=0.5 is shown in ﬁgure 8(a) and
the reactive neutral-to-ion ﬂux ratio at the wafer holder as a
function of αE for γO=0.05 is shown in ﬁgure 8(b). Here,
the ion ﬂux is deﬁned as the sum of the ﬂuxes of both +O2 and
O+. In both cases the trend in neutral-to-ion ﬂux ratio
approximately follows the respective trend of the ground state
atomic oxygen ﬂux. The neutral-to-ion ﬂux ratio is shown to
vary over a range of 94 to 8 with increasing γO and between
10 and 50 with increasing αE.
It has previously been predicted by Brichonet al via
molecular dynamics simulations of chlorine plasma etching of
silicon that the damaged layer thickness on an etched surface,
a critical parameter for atomic layer etching, is strongly
dependent on the reactive neutral-to-ion ﬂux ratio in the range
considered here (i.e. 10–200) [45]. Speciﬁcally, it was found
that higher neutral-to-ion ﬂux ratios were favourable to
minimise damaged layer thickness. Since the chemistry used
in this work is different, the results of the study by
Brichonet al cannot be directly applied here, but it is rea-
sonable to expect that similar dependencies are possible when
using plasmas produced in oxygen, as considered here, or in
other gases, for atomic layer processes. In this context, it is
expected that reactor walls with very low atomic species
recombination coefﬁcients and high thermal energy accom-
modation coefﬁcients should be favourable for minimising
damaged layer thickness in such applications. These condi-
tions have the additional advantage of offering low ion
bombardment energies, which are advantageous for certain
processes, due to the dependence of the plasma potential on
αE. A potential disadvantage of operating in this parameter
regime is that the neutral ﬂux, and neutral-to-ion ﬂux ratio are
very sensitive to changes in γO, meaning that the outcomes of
plasma processes may be sensitive to small changes in wall
condition.
4. Conclusions
The dependence of the plasma bulk properties and ﬂuxes to
the wafer holder on the atomic oxygen surface recombination
coefﬁcient γO and the thermal energy accommodation coef-
ﬁcient αE in a low pressure inductively coupled oxygen
plasma have been investigated using two-dimensional ﬂuid-
kinetic plasma simulations. It has been shown that the thermal
energy accommodation coefﬁcient has signiﬁcant inﬂuence
on most of the plasma properties investigated through its role
in determining the neutral gas temperature and consequently
the neutral gas density. The primary role of the atomic oxygen
recombination coefﬁcient is in determining the atomic oxygen
density and its ﬂux at the wafer holder in combination with
the reactive neutral-to-ion ﬂux ratio at the wafer holder. The
greatest sensitivity of the plasma parameters to αE and γO
occurs when the value of each coefﬁcient is low. This is as a
result of the transition from diffusion limited losses of atomic
oxygen and thermal energy to surface interaction limited
Figure 8. Reactive neutral-to-total ion ﬂux ratio at the wafer holder
as a function of (a) γO for αE=0.5 and (b) αE for γO=0.05
(p = 10 mTorr, P = 500 W).
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losses as the value of each coefﬁcient is decreased. The trends
presented offer insight into the roles played by both investi-
gated coefﬁcients in low pressure plasmas used in industry. In
particular, the thermal energy accommodation coefﬁcient has
been shown to be an important input parameter in plasma
simulations which warrants further study, both experimentally
and computationally.
Acknowledgments
This work has been done within the LABEX Plas@Par pro-
ject, and received ﬁnancial state aid managed by the ‘Agence
Nationale de la Recherche’, as part of the ‘Programme d’In-
vestissements d’Avenir’ under the reference ANR-11-IDEX-
0004-02. Funding through UK EPSRC (EP/ K018388/1) and
the York-Paris Low Temperature Plasma Collaborative
Research Centre is also acknowledged. The work of MJK was
supported by the US Department of Energy Ofﬁce of Fusion
Energy Science and the US National Science Foundation.
This work was supported by the Applied Materials University
Research Partnership Programme.
References
[1] Donnelly V M and Kornblit A 2013 Plasma etching: yesterday,
today, and tomorrow J. Vac. Sci. Technol. A 31 050825
[2] Kanarik K J, Lill T, Hudson E A, Sriraman S, Tan S, Marks J,
Vahedi V and Gottscho R A 2015 Overview of atomic layer
etching in the semiconductor industry J. Vac. Sci. Technol.
A 33 020802
[3] Oehrlein G S, Metzler D and Li C 2015 Atomic layer etching at
the tipping point: an overview ECS J. Solid State Sci.
Technol. 4 N5041–53
[4] Rafalskyi D and Aanesland A 2016 Brief review on plasma
propulsion with neutralizer-free systems Plasma Sources
Sci. Technol. 25 043001
[5] Mazouffre S 2016 Electric propulsion for satellites and
spacecraft: established technologies and novel approaches
Plasma Sources Sci. Technol. 25 033002
[6] Fantz U et al 2009 Physical performance analysis and progress
of the development of the negative ion RF source for the
ITER NBI system Nucl. Fusion 49 125007
[7] Grisham L R et al 2012 Recent improvements to the ITER
neutral beam system design Fusion Eng. Des. 87 1805–15
[8] Graves D B and Kushner M J 2003 Inﬂuence of modeling and
simulation on the maturation of plasma technology: feature
evolution and reactor design J. Vac. Sci. Technol. A 21
S152–6
[9] Kushner M J 2009 Hybrid modelling of low temperature
plasmas for fundamental investigations and equipment
design J. Phys. D: Appl. Phys. 42 194013
[10] Rajendiran S, Rossall A K, Gibson A and Wagenaars E 2014
Modelling of laser ablation and reactive oxygen plasmas for
pulsed laser deposition of zinc oxide Surf. Coat. Technol.
260 417–23
[11] Gibson A R, Greb A, Graham W G and Gans T 2015 Tailoring
the nonlinear frequency coupling between odd harmonics
for the optimisation of charged particle dynamics in
capacitively coupled oxygen plasmas Appl. Phys. Lett. 106
054102
[12] Agarwal A and Kushner M J 2008 Seasoning of plasma
etching reactors: ion energy distributions to walls and real-
time and run-to-run control strategies J. Vac. Sci. Technol. A
26 498–512
[13] Agarwal A and Kushner M J 2009 Plasma atomic layer etching
using conventional plasma equipment J. Vac. Sci. Technol.
A 27 37–50
[14] Matyash K, Schneider R, Dittmann K, Meichsner J,
Bronold F X and Tskhakaya D 2007 Radio-frequency
discharges in oxygen: III. Comparison of modelling and
experiment J. Phys. D: Appl. Phys. 40 6601
[15] Schulze J, Derzsi A, Dittmann K, Hemke T, Meichsner J and
Donkó Z 2011 Ionization by drift and ambipolar electric
ﬁelds in electronegative capacitive radio frequency plasmas
Phys. Rev. Lett. 107 275001
[16] Bartschat K and Kushner M J 2016 Electron collisions with
atoms, ions, molecules, and surfaces: fundamental science
empowering advances in technology Proc. Natl Acad. Sci.
113 7026–34
[17] Turner M M 2015 Uncertainty and error in complex plasma
chemistry models Plasma Sources Sci. Technol. 24 035027
[18] Turner M M 2015 Uncertainty and sensitivity analysis in
complex plasma chemistry models Plasma Sources Sci.
Technol. 25 015003
[19] Kemaneci E, Booth J P, Chabert P, van Dijk J,
Mussenbrock T and Brinkmann R P 2016 A computational
analysis of the vibrational levels of molecular oxygen in
low-pressure stationary and transient radio-frequency
oxygen plasma Plasma Sources Sci. Technol. 25 025025
[20] Gomez S, Steen P G and Graham W G 2002 Atomic oxygen
surface loss coefﬁcient measurements in a capacitive/
inductive radio-frequency plasma Appl. Phys. Lett. 81 19–21
[21] Corr C S, Gomez S and Graham W G 2012 Discharge kinetics
of inductively coupled oxygen plasmas: experiment and
model Plasma Sources Sci. Technol. 21 055024
[22] Kemaneci E, Carbone E, Booth J P, Graef W, van Dijk J and
Kroesen G 2014 Global (volume-averaged) model of
inductively coupled chlorine plasma: inﬂuence of Cl wall
recombination and external heating on continuous and pulse-
modulated plasmas Plasma Sources Sci.Technol. 23 045002
[23] Toneli D A, Pessoa R S, Roberto M and Gudmundsson J T
2015 A volume averaged global model study of the
inﬂuence of the electron energy distribution and the wall
material on an oxygen discharge J. Phys. D: Appl. Phys. 48
495203
[24] Greb A, Niemi K, O’Connell D and Gans T 2013 The inﬂuence
of surface properties on the plasma dynamics in radio-
frequency driven oxygen plasmas: measurements and
simulations Appl. Phys. Lett. 103 244101
[25] Greb A, Gibson A R, Niemi K, O’Connell D and Gans T 2015
Inﬂuence of surface conditions on plasma dynamics and
electron heating in a radio-frequency driven capacitively
coupled oxygen plasma Plasma Sources Sci. and Technol.
24 044003
[26] Derzsi A, Laﬂeur T, Booth J P, Korolov I and Donkó Z 2015
Experimental and simulation study of a capacitively coupled
oxygen discharge driven by tailored voltage waveforms
Plasma Sources Sci. Technol. 25 015004
[27] Guha J, Kurunczi P, Stafford L, Donnelly V M and Pu Y K
2008 In-situ surface recombination measurements of oxygen
atoms on anodized aluminum in an oxygen plasma J. Phys.
Chem C 112 8963–8
[28] Guha J, Khare R, Stafford L, Donnelly V M, Sirard S and
Hudson E A 2009 Effect of Cu contamination on
recombination of O atoms on a plasma-oxidized silicon
surface J. Appl. Phys. 105 113309
[29] Booth J-P and Sadeghi N 1991 Oxygen and ﬂuorine atom
kinetics in electron cyclotron resonance plasmas by time-
resolved actinometry J. Appl. Phys. 70 611–20
11
Plasma Phys. Control. Fusion 59 (2017) 024004 A R Gibson et al
[30] Stafford L, Guha J, Khare R, Mattei S, Boudreault O,
Clain B and Donnelly V M 2010 Experimental and
modeling study of O and Cl atoms surface recombination
reactions in O2 and Cl2 plasmas Pure Appl. Chem. 82
1301–15
[31] Kennard E H 1938 Kinetic theory of Gases (New York:
McGraw-Hill)
[32] Trott W M, Castañeda J N, Torczynski J R, Gallis M A and
Rader D J 2011 An experimental assembly for precise
measurement of thermal accommodation coefﬁcients Rev.
Sci. Instrum. 82 035120
[33] Leroy O, Perrin J, Jolly J, Péalat M and Lefebvre M 1997
Thermal accommodation of a gas on a surface and heat
transfer in CVD and PECVD experiments J. Phys. D: Appl.
Phys. 30 499
[34] Selden N, Gimelshein N, Gimelshein S and Ketsdever A 2009
Analysis of accommodation coefﬁcients of noble gases on
aluminum surface with an experimental/computational
method Phys. Fluids 21 073101
[35] Fan G and Manson J R 2010 Calculations of the energy
accommodation coefﬁcient for gas-surface interactions
Chem. Phys. 370 175–9
[36] Ganta D, Dale E B, Rezac J P and Rosenberger A T 2011
Optical method for measuring thermal accommodation
coefﬁcients using a whispering-gallery microresonator
J. Chem. Phys. 135 084313
[37] Sartori E, Brescaccin L and Serianni G 2016 Simulation of
diatomic gas-wall interaction and accommodation
coefﬁcients for negative ion sources and accelerators Rev.
Sci. Instrum. 87 02A502
[38] Liang Z, Evans W and Keblinski P 2013 Equilibrium and
nonequilibrium molecular dynamics simulations of thermal
conductance at solid-gas interfaces Phys. Rev. E 87 022119
[39] Yamaguchi H, Kanazawa K, Matsuda Y, Niimi T,
Polikarpov A and Graur I 2012 Investigation on heat transfer
between two coaxial cylinders for measurement of thermal
accommodation coefﬁcient Phys. Fluids 24 062002
[40] Michelsen H A 2009 Derivation of a temperature-dependent
accommodation coefﬁcient for use in modeling laser-
induced incandescence of soot Appl. Phys. B 94 103–17
[41] Giri A and Hopkins P E 2016 Analytical model for thermal
boundary conductance and equilibrium thermal accommodation
coefﬁcient at solid/gas interfaces J. Chem. Phys. 144 084705
[42] Cartry G, Duten X and Rousseau A 2006 Atomic oxygen
surface loss probability on silica in microwave plasmas
studied by a pulsed induced ﬂuorescence technique Plasma
Sources Sci. Technol. 15 479
[43] Guerra V 2007 Analytical model of heterogeneous atomic
recombination on silicalike surfaces IEEE Trans. Plasma
Sci. 35 1397–412
[44] Guerra V and Marinov D 2016 Dynamical monte carlo
methods for plasma-surface reactions Plasma Sources Sci.
Technol. 25 045001
[45] Brichon P, Despiau-Pujo E, Mourey O and Joubert O 2015
Key plasma parameters for nanometric precision etching of
Si ﬁlms in chlorine discharges J. Appl. Phys. 118 053303
[46] Bruneau B, Wang J, Dornstetter J C and Johnson E V 2014
Growth mechanisms study of microcrystalline silicon
deposited by SiH4/H2 plasma using tailored voltage
waveforms J. Appl. Phys. 115 084901
[47] Wang S B and Wendt A E 2000 Control of ion energy
distribution at substrates during plasma processing J. Appl.
Phys. 88 643–6
[48] Subramonium P and Kushner M J 2001 Pulsed inductively
coupled chlorine plasmas in the presence of a substrate bias
Appl. Phys. Lett. 79 2145–7
[49] Agarwal A and Kushner M J 2005 Effect of nonsinusoidal bias
waveforms on ion energy distributions and ﬂuorocarbon
plasma etch selectivity J. Vac. Sci. Technol. A 23 1440–9
[50] Zaka-ul Islam M, O’Connell D, Graham W G and Gans T 2015
Electron dynamics and frequency coupling in a radio-
frequency capacitively biased planar coil inductively
coupled plasma system Plasma Sources Sci. Technol. 24
044007
[51] O’Connell D, Gans T, Semmler E and Awakowicz P 2008 The
role of the relative voltage and phase for frequency coupling
in a dual-frequency capacitively coupled plasma Appl. Phys.
Lett. 93 081502
[52] Heil B G, Czarnetzki U, Brinkmann R P and Mussenbrock T
2008 On the possibility of making a geometrically
symmetric RF-CCP discharge electrically asymmetric
J. Phys. D: Appl. Phys. 41 165202
[53] Bienholz S, Styrnoll T and Awakowicz P 2014 On the
electrical asymmetry effect in large area multiple frequency
capacitively coupled plasmas J. Phys. D: Appl. Phys. 47
065201
[54] Laﬂeur T 2015 Tailored-waveform excitation of capacitively
coupled plasmas and the electrical asymmetry effect Plasma
Sources Sci. Technol. 25 013001
[55] Bruneau B, Gans T, O’Connell D, Greb A, Johnson E V and
Booth J P 2015 Strong ionization asymmetry in a
geometrically symmetric radio frequency capacitively
coupled plasma induced by sawtooth voltage waveforms
Phys. Rev. Lett. 114 125002
[56] Bruneau B et al 2015 Effect of gas properties on the dynamics
of the electrical slope asymmetry effect in capacitive
plasmas: comparison of Ar, H2 and CF4 Plasma Sources Sci.
Technol. 25 01LT02
[57] Booth J-P, Azamoum Y, Sirse N and Chabert P 2012 Absolute
atomic chlorine densities in a Cl2 inductively coupled
plasma determined by two-photon laser-induced
ﬂuorescence with a new calibration method J. Phys. D:
Appl. Phys. 45 195201
[58] Foucher M, Marinov D, Carbone E, Chabert P and Booth J-P
2015 Highly vibrationally excited O2 molecules in low-
pressure inductively-coupled plasmas detected by high
sensitivity ultra-broad-band optical absorption spectroscopy
Plasma Sources Sci. Technol. 24 042001
[59] Song S-H and Kushner M J 2012 Control of electron energy
distributions and plasma characteristics of dual frequency,
pulsed capacitively coupled plasmas sustained in Ar and Ar/
CF4/O2 Plasma Sources Sci. Technol. 21 055028
[60] Lofthouse A J, Scalabrin L C and Boyd I D 2008 Velocity slip
and temperature jump in hypersonic aerothermodynamics
J. Thermophys. Heat Transfer 22 38–49
[61] Toneli D A, Pessoa R S, Roberto M and Gudmundsson J T
2015 On the formation and annihilation of the singlet
molecular metastables in an oxygen discharge J. Phys. D:
Appl. Phys. 48 325202
[62] Cosby P C 1993 Electron-impact dissociation of oxygen
J. Chem. Phys. 98 9560–9
[63] Thorsteinsson E G and Gudmundsson J T 2010 The low
pressure Cl2/O2 discharge and the role of ClO Plasma
Sources Sci. Technol. 19 055008
[64] Lawton S A and Phelps A V 1978 Excitation of the b S+g1 state
of O2 by low energy electrons J. Chem. Phys. 69 1055–68
[65] Phelps database, www.lxcat.net (Accessed: 27 September 2010)
[66] Tashiro M, Morokuma K and Tennyson J 2006 R-matrix
calculation of electron collisions with electronically excited
O2 molecules Phys. Rev. A 73 052707
[67] Itikawa Y and Ichimura A 1990 Cross sections for collisions of
electrons and photons with atomic oxygen J. Phys. Chem.
Ref. Data 19 637–51
[68] Hall R I and Trajmar S 1975 Scattering of 4.5 eV electrons by
ground (X3/Σg
−) state and metastable (a1/Δg) oxygen
molecules J. Phys. B: At Mol. Phys. 8 L293
[69] Burrow P D 1973 Dissociative attachment from the O2 (a
1Δg)
state J. Chem. Phys. 59 4922–31
12
Plasma Phys. Control. Fusion 59 (2017) 024004 A R Gibson et al
[70] Laher R R and Gilmore F R 1990 Updated excitation and
ionization cross sections for electron impact on atomic
oxygen J. Phys. Chem. Ref. Data. 19 277–305
[71] Deutsch H, Scheier P, Becker K and Märk T D 2003
Calculated cross-sections for the electron-impact detachment
from negative ions using the Deutsch-Märk (DM) formalism
Chem. Phys. Lett. 382 26–31
[72] Peverall S et al 2001 Dissociative recombination and excitation
of +O2 : cross sections, product yields and implications for
studies of ionospheric airglows J. Chem. Phys. 114 6679–89
[73] Florescu-Mitchell A I and Mitchell J B A 2006 Dissociative
recombination Phys. Rep. 430 277–374
[74] Gudmundsson J T 2004 A critical review of the reaction set for
a low pressure oxygen processing discharge Technical
Report RH-17-2004 (http://raunvisindastofnun.hi.is/sites/
raunvisindastofnun.hi.is/ﬁles/rh-17-2004.pdf)
[75] Ard S G, Melko J J, Jiang B, Li Y, Shuman N S, Guo H and
Viggiano A A 2013 Temperature dependences for the
reactions of -O2 and O
− with N and O atoms in a selected-ion
ﬂow tube instrument J. Chem. Phys. 139 144302
[76] Midey A, Dotan I, Lee S, Rawlins W T, Johnson M A and
Viggiano A A 2007 Kinetics for the reactions of O- and O2
-
with O2 (a
1Δg) measured in a selected ion ﬂow tube at 300
K J. Phys. Chem. A 111 5218–22
[77] Aleksandrov N L 1978 Sov. Phys.—Tech. Phys. 23 806–8
[78] Ziółkowski M, Schatz G C, Viggiano A A, Midey A and
Dotan I 2014 O2 ( S-X g3 ) and O2 ( Da g1 ) charge exchange
with simple ions J. Chem. Phys 140 214307
[79] Dotan I 1980 Rate constants and branching ratios for the
reactions of 18O+ and 18O18O+ ions with 16O16O measured
at relative kinetic energies 0.04–2 eV Chem. Phys. Lett. 75
509–12
[80] Abreu V J, Yee J H, Solomon S C and Dalgarno A 1986 The
quenching rate of O (1D) by O (3P) Planet. Space Sci. 34
1143–5
[81] Atkinson R, Baulch D L, Cox R A, Crowley J N,
Hampson R F, Hynes R G, Jenkin M E, Rossi M J and
Troe J 2004 Evaluated kinetic and photochemical data for
atmospheric chemistry: volume I—gas phase reactions of
Ox, HOx, NOx and SOx species Atmos. Chem. Phys. 4
1461–738
[82] Streit G E, Howard C J, Schmeltekopf A L, Davidson J A and
Schiff H I 1976 Temperature dependence of O (1D) rate
constants for reactions with O2, N2, CO2, O3, and H2O
J. Chem. Phys. 65 4761–4
[83] Lee L C and Slanger T G 1978 Observations on O (1D→ 3P)
and O2 ( S+b g1  S-X g3 ) following O2 photodissociation
J. Chem. Phys. 69 4053–60
[84] Clark I D and Wayne R P 1969 The reaction of O2 ( Dg1 ) with
atomic nitrogen and with atomic oxygen Chem. Phys. Lett. 3
405–7
[85] Burkholder J B, Sander S P, Abbat J P D, Barker J R,
Huie R E, Kolb C E, Kurylo M J, Orkin V L,
Wilmouth D M and Wine P H 2015 Chemical Kinetics and
Photochemical Data for Use in Atmospheric Studies,
Evaluation No. 18 JPL Publication 15–10, Jet Propulsion
Laboratory, Pasadena http://jpldataeval.jpl.nasa.gov
[86] Heidner R F III, Gardner C E, El-Sayed T M, Segal G I and
Kasper J V V 1981 Temperature dependence of O2(
1Δ) +
O2(
1Δ) and I (2P1/2)+ O2(
1Δ) energy pooling J. Chem
Phys. 74 5618–26
[87] Chantry P J 1987 A simple formula for diffusion calculations
involving wall reﬂection and low density J. Appl. Phys. 62
1141–8
13
Plasma Phys. Control. Fusion 59 (2017) 024004 A R Gibson et al
